Ultrasonic absorption values in aqueous solutions of myoglobin, apomyoglobin, a-lactalbumin, bacitracin, and the C-and N-terminal CNBr cleavage fragments of myoglobin were determined by the cylindrical resonator technique at temperatures of 4 øC and 20 øC in the frequency range 0.5-7 MHz. A proposed mechanism of absorption in solutions of proteins and peptides is perturbation by the ultrasound of the equilibrium between protein bound and free water, producing a distribution of relaxation processes occurring within the frequency range of the investigation. The hypothesis is supported by the dependence of the ultrasonic absorption on solute surface area and molecular weight. Another mechanism of absorption is that due to proton transfer which occurs noticeably in the presence of phosphate ions. Those proteins {myoglobin and a4actalbumin} with significant globular structure appear to undergo additional relaxation processes at frequencies above 7 MHz.
INTRODUCTION
The widespread use of ultrasound in diagnostic and therapeutic medicine presents a need for a thorough understanding of the mechanisms of interaction of ultrasoand and Results from the protein and peptide solutions of this study lend support for an ultrasonic absorption mechanism involving perturbation of the hydration layer surrounding these molecules. Such a mechanism also appears to make a greater contribution in cases where the molecule exists more as a random coil than as a compact globular structure. Under the proper conditions, proton transfer between the solvent and ionizable groups on the solute molecule also makes a significant contribution to the total absorption. Specifically, aroundpH 7 such proton transfer occurs efficiently in the presence of phosphate ions. Apomyoglobin was produced in the laboratory by the acid methylethyl ketone method, 21 in which the heme group is removed to an organic phase and the apomyoglobin recovered after lyophilization of an aqueous phase.
I. MATERIALS AND METHODS

Sperm
Smaller peptides were produced from the apomyoglobin by cleaving at methionine residues using cyanogen bromide. The cleavage reaction was carried out at concentrations of apomyoglobin and cyanogen bromide of 20 and 8 mg/ml, respectively, in 70% formic acid. The reaction proceeded at room temperature for 24 h after which the excess cyanogen bromide was removed to a cold trap by rotary evaporation at 25 øC. A dry product was then obtained by lyophilization.
The method'of isolation of the peptides was adapted from Marshall et al. 22 After lyoph'flization, the material was dissolved in 10% acetic acid at a concentration of 50 mg/ml. The sample was then applied in 10-ml quantities to a chromatography column (4X 180 6m) of Sephadex G-50-fine (Pharmacia Fine Chemicals) equilibrated with 10% acetic acid and eluted with this solvent at a rate of 60 ml/h. The dution fractions were collected by a Gilson Micro Fractionator. The fractional positions of the peptides were identified by optical absorption at 276 nm.
Three main peaks were always observed and their identities verified by gel electrophoresis. The first peak contained unreacted myoglobin. The second and third peaks correspond to the N-terminal and C-terminal peptides, respectively, and are hereafter referred to as peptide P2 and peptide P3. Since myoglobin contains two methionine residues, another peptide, larger than P2 or P3 is expected. In some column runs, a small peak was observed before that of peptide P2, and contained the central myoglobin peptide. However, the recovery of this peptide was always too small to allow sufficient accumulation for ultrasonic study.
The milk protein a-lactalbumin used in this investigation was isolated from a crude lactalbumin product pur- The pK of the single histidine residue of baeitracin is such that signitieant proton exchange may occur between this moeity and phosphate ion around neutralpH and temperatures around 4 øC. The difference between the absorption by bacitracin in the presence and in the absence of phosphate ion was, in fact, well fit by a single relaxation process centered at 1.2 MHz. When modeled as proton transfer relaxation, kinetic and thermodynamic parameters were obtained in good agreement with theoretical predictions. Such a mechanism was proposed by these investigators as a signillcant contributor to in vitro absorption in tissues.
The behavior due to phosphate observed in myoglobin solutions (Fig. 7) may be due to proton transfer between the phosphate ions and residues (presumably histidines) of the protein with pK values near 7. A single relaxation curve is employed to fit the data for myoglobin. Despite the good fit by this theory, the limited frequency range of the data prevents conclusive proof of single relaxation behavior. The presence of more than one relaxing element would not be surprising since myoglobin, as a complex protein, has more than one site at which proton transfer might occur under these circumstances. However, the nearness of fit suggests that any multiple relaxation processes of comparable magnitude in the investigated range are centered near the same frequency. In addition, the relaxation frequency of 1. Figs. 8 and 9 indicate that no relaxation processes are aSsß-dated with these specimens at higher frequencies, or that if any such relaxation processes exist, their ultrasonic absorption magnitudes are much smaller than the magnitudes of those occurring in the frequency range of this investigation. The data for myoglobin and a-lactalb•_•miu, however, show a definite leveling off, indicating the presence of significant relaxational absorption at higher frequencies.
In general, these higher-frequency relaxation processes may be related to the-degree of structural complexity in the molecule. Optical measurements by Hermans and Puett 29
show that the pepfides P2 and P3 contain 15% and 8% helical structure, respectively, under the conditions present during these measurements. Myoglobin, on the other hand, consists of. a great deal more helical structure and a complex tertiary structure. Like myoglobin, a-lactalbumin is a complex structure (very similar to lysozyme}. Thus the higherorder structure present in myoglobin and a-lactalbumin seems to be associated with a significant relaxation at frequencies higher than those employed in this study. The lack of such structure in bacitracin and the peptides P2 and P3 may account for the lack of significant higher-frequency contribution to the relaxation spectrum of these materials.
IV. CONCLUDING REMARKS
Results presented above indicate that perturbation of solvent structure around proteins and peptides makes a contribution to the absorption of ultrasound. This hypothesis is supported by the molecular weight dependence (FiK. 4} of the absorption. The solvent-related absorption makes a greater contribution to the absorption of proteins and peptides with significant random coil structure than it does to proteins which are predominantly globular. This may be due to the The molecular weight dependence of the absorption may be related to a cooperative phenomenon occurring in the solvent. Such a mechanism has been proposed by Hammes and Schimme126 to account for the molecular weight dependence of relaxation times observed in solutions of polyethylene glycol. As the size of the polymers increases, so may the number of water molecules which participate as a unit in the equilibrium between free and bound water. As the size of the cooperative unit increases, so will the absorption associated with this equilibrium, until an upper limit on the size of the cooperative unit is reached. Such an upper limit may be imposed by the period of the wave as compared to the time required to "communicate" a cooperative change among neighboring water molecules. This would account for the plateau in absorption at the high molecular weights characteristic of the polymers discussed above. A cooperative model also provides an explanation for the frequency dependence of the molecular weight effect seen in Fig. 4 . If the maximum cooperative unit size is directly related to the period of the ultrasonic wave, then a smaller maximum size would be expected at higher frequencies. This is indeed the case for the data presented in Fig. 4 . 
